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Abstract

As a component of a three-year cooperative effort of the Washington State Department of Ecology
and the National Oceanic and Atmospheric Administration, surficial sediment samples from 100
locations in southern Puget Sound were collected in 1999 to determine their relative quality based on
measures of toxicity, chemical contamination, and benthic infaunal assemblage structure. The survey
encompassed an area of approximately 858 km?, ranging from East and Colvos Passages south to
Oakland Bay, and including Hood Canal. Toxic responses were most severe in some of the
industrialized waterways of Tacoma’s Commencement Bay. Other industrialized harbors in which
sediments induced toxic responses on smaller scales included the Port of Olympia, Oakland Bay at
Shelton, Gig Harbor, Port Ludlow, and Port Gamble. Based on the methods selected for this survey,
the spatial extent of toxicity for the southern Puget Sound survey area was 0% of the total survey
area for amphipod survival, 5.7% for urchin fertilization, 0.2% for microbial bioluminescence, and 5-
38% with the cytochrome P450 HRGS assay. Measurements of trace metals, PAHs, PCBs,
chlorinated pesticides, other organic chemicals, and other characteristics of the sediments, indicated
that 20 of the 100 samples collected had one or more chemical concentrations that exceeded
applicable, effects-based sediment guidelines and/or Washington State standards. Chemical
contamination was highest in eight samples collected in or near the industrialized waterways of
Commencement Bay. Samples from the Thea Foss and Middle Waterways were primarily
contaminated with a mixture of PAHs and trace metals, whereas those from Hylebos Waterway were
contaminated with chlorinated organic hydrocarbons. The remaining 12 samples with elevated
chemical concentrations primarily had high levels of other chemicals, including bis(2-ethylhexyl)
phthalate, benzoic acid, benzyl alcohol, and phenol. The characteristics of benthic infaunal
assemblages in south Puget Sound differed considerably among locations and habitat types
throughout the study area. In general, many of the small embayments and inlets throughout the study
area had infaunal assemblages with relatively low total abundance, taxa richness, evenness, and
dominance values, although total abundance values were very high in some cases, typically due to
high abundance of one organism such as the polychaete Aphelochaeta sp. N1. The majority of the
samples collected from passages, outer embayments, and larger bodies of water tended to have
infaunal assemblages with higher total abundance, taxa richness, evenness, and dominance values.
Two samples collected in the Port of Olympia near a superfund cleanup site had no living organisms
in them. A weight-of-evidence approach used to simultaneously examine all three “sediment quality
triad” parameters, identified 11 stations (representing 4.4 km%, 0.5% of the total study area) with
sediment toxicity, chemical contamination, and altered benthos (i.e., degraded sediment quality), 36
stations (493.5 km?, 57.5% total study area) with no toxicity or chemical contamination (i.e., high
sediment quality), 35 stations (274.1 km?, 32.0% total study area) with one impaired sediment triad
parameter (i.e., intermediate/high sediment quality), and 18 stations (85.7km?, 10.0% total study
area) with two impaired sediment parameters (i.e., intermediate/degraded quality sediments).
Generally, upon comparison, the number of stations with degraded sediments based upon the
sediment quality triad of data was slightly greater in the central Puget Sound than in the northern and
southern Puget Sound study areas, with the percent of the total study area degraded in each region
decreasing from central to north to south (2.8, 1.3 and 0.5%, respectively). Overall, the sediments
collected in Puget Sound during the combined 1997-1999 surveys were among the least
contaminated relative to other marine bays and estuaries studied by NOAA using equivalent
methods.
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Executive Summary

Numerous studies of Puget Sound have documented the degree of chemical contamination and
associated adverse biological effects within many different urbanized bays and harbors. Data
from previous research have shown that contamination occurred in sediments, water, sea surface
microlayers, fishes, benthic invertebrates, sea birds, and marine mammals in parts of Puget
Sound. Severe toxicity of sediments in laboratory tests has been reported in previous studies
along with significant alterations to resident benthic populations. Severe histopathological
conditions in the organs of demersal fishes have been shown in many studies, sometimes
accompanied by reduced reproductive success. Reproductive disorders were reported in resident
marine mammals. Acute toxicity of sea surface microlayers has been shown in several studies in
urban bays. Uptake and bioaccumulation of toxicants in sea birds and marine mammals has been
observed. All these data, together, suggested that chemical contamination was toxicologically
significant in Puget Sound. However, none of the previous surveys attempted to quantify the
area or spatial extent of contamination or toxicant-related effects. Therefore, although numerous
reports from previous studies indicated the severity or degree of contamination and adverse
effects, none reported the spatial scales of the problems.

The overall goal of the cooperative program initiated by the Washington State Department of
Ecology (Ecology) as a part of its Puget Sound Ambient Monitoring Program (PSAMP) and the
National Oceanic and Atmospheric Administration (NOAA) as a part of its National Status and
Trends Program (NS&TP) was to quantify the percentage of Puget Sound in which sediment
quality was significantly degraded. The technical objectives of the cooperative assessment of
bioeffects in Puget Sound were to:

1. Determine the incidence and severity of sediment contamination and toxicity;
2. Identify spatial patterns and gradients in sediment toxicity and chemical concentrations;

3. Estimate the spatial extent of toxicity and chemical contamination in surficial sediments as
percentages of the total survey area;

4. Describe the composition, abundance and diversity of benthic infaunal assemblages at each
sampling location;

5. Estimate the apparent relationships between measures of sediment toxicity, toxicant
concentrations, and benthic infaunal assemblage indices; and

6. Compare the quality of sediment from northern, central, and southern Puget Sound measured
in the three phases of this study.

The approach selected to accomplish this goal was to measure the components of the sediment
quality triad at sampling locations chosen with a stratified-random design. One hundred samples
were collected in southern Puget Sound during June/July, 1999, at locations selected randomly
within 33 geographic strata. The study area extended from the vicinity of Des Moines to Shelton,
plus all of Hood Canal. Strata were selected to represent conditions near major urban centers
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(e.g., Tacoma, Olympia) and less developed areas. The 33 strata were determined to encompass
a total area of 858 km”,

A battery of four toxicity tests was performed on all samples to provide information from a
variety of toxicological endpoints. Results were obtained with an acute test of survival of marine
amphipods exposed to solid phase sediments. The toxicity of sediment pore waters was
determined with a test of fertilization success among sea urchin gametes. A microbial
bioluminescence test of metabolic activity was performed in exposures to organic solvent
extracts along with a cytochrome P450 HRGS activity test in exposures to portions of the same
solvent extracts. Chemical analyses were performed on all samples to quantify the
concentrations of trace metals, PAHs, PCBs, chlorinated pesticides, other organic chemicals, and
the physical/sedimentological characteristics of the sediments. Chemical concentrations were
compared to applicable numerical guidelines from NOAA and state standards for Washington to
determine which samples were contaminated. Resident benthic infauna were collected to
determine the relative abundance, taxa richness, taxa composition, and other characteristics of
the invertebrate assemblages present in the sediments at each site.

The area in which highly significant toxicity occurred totaled 0% of the total area in the
amphipod survival tests; 5.7% of the area in urchin fertilization tests of 100% pore waters; 0.2%
of the area in microbial bioluminescence tests; and 5-38% of the area in the cytochrome P450
HRGS assays. The estimates of the spatial extent of toxicity measured in these tests of southern
Puget Sound sediments generally were lower than the “national average” estimates compiled
from many other surveys previously conducted by NOAA. Generally, they were comparable to
the estimates for northern Puget Sound, but somewhat higher than what was observed in the
central region. The large majority of the area surveyed was classified as non-toxic in these tests.

The laboratory tests indicated overlapping, but, different, spatial patterns in toxicity. Based upon
analysis of all the data combined, several spatial patterns were apparent in this survey. Most
obvious were the toxic responses in the two tests of organic solvent extracts observed in some of
the industrialized waterways of Commencement Bay at Tacoma. The responses in samples from
Thea Foss Waterway were very high in both the HRGS and Microtox™ tests. Significant
responses were also observed in both the amphipod and urchin tests in one of the samples. The
degree of toxicity in Hylebos and Middle waterways was lower, but, nonetheless, represented
conditions considerably different from those observed elsewhere in the survey area. The toxicity
observed in the waterways gradually diminished into the outer reaches of the bay and decreased
again into East Passage.

Other industrialized harbors of southern Puget Sound in which sediments induced toxic
responses included Port of Olympia, Oakland Bay at Shelton, Gig Harbor, and Port Ludlow.
Sediments in most of the South Sound inlets and passages were relatively non-toxic in any of the
tests. However, based upon the HRGS and Microtox™ tests of organic solvents, conditions in
the southern Puget Sound inlets and channels were different (i.e., more toxic) than in the
majority of Hood Canal.

Twenty of the 100 samples collected had one or more chemical concentrations that exceeded
applicable, effects based sediment guidelines and/or Washington State standards. Among these
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samples, chemical contamination was highest in eight samples collected in or near the
industrialized waterways of Commencement Bay. Samples from the Thea Foss and Middle
Waterways were primarily contaminated with a mixture of PAHs and trace metals, whereas
those from Hylebos Waterway were contaminated with chlorinated organic hydrocarbons. The
remaining 12 samples with elevated chemical concentrations primarily had high levels of other
chemicals, including bis(2-ethylhexyl) phthalate, benzoic acid, benzyl alcohol, and phenol.
There was a distinct spatial pattern in contamination in Commencement Bay: i.e., high
concentrations in the waterways diminished rapidly into the outer reaches of the bay. However,
there were no other equally clear gradients elsewhere in the study area.

For all trace metals (excluding nickel), there were a total of 4 effects range-median (ERM), 3
sediment quality standard (SQS), and 3 cleanup screening level (CSL) samples exceeded
respectively, encompassing a total of 0.84, 0.68, and 0.68%, respectively, of the total study area.
Significant metals contamination occurred in Port Gamble Bay, Totten Inlet, and in both the
Thea Foss and Middle Waterways of Commencement Bay, and mercury was the most commonly
found contaminant. There were totals of 6, 4, and 1 samples with PAHs exceeding ERM, SQS,
and CSL values, respectively, encompassing a total of 0.30, 0.23, and <0.01% of the study area.
Contaminants were again observed in Port Gamble Bay and Commencement Bay, including both
the Thea Foss and Middle Waterways. PCB chemicals exceeded guidelines and criteria in 2
(ERM) and 3 (SQS) stations in the Thea Foss and Hylebos Waterways, representing 0.04 and
0.07% of the study area. Other organic chemicals, including benzoic acid and benzyl alcohol
exceeded SQS and CSL values in 5 or fewer samples, roughly representing 3% or less of the
study area, including stations in Budd Inlet, Port of Olympia, Henderson Inlet, E. Anderson
Island, and Hale and Pickering Passages. Hexachlorobenzene values exceeded the SQS value at
all three stations in the Hylebos Waterway (representing 0.08% of the study area).

Although the study was not intended to determine the causes of toxicity in the tests, a number of
statistical analyses were conducted to estimate which chemicals, if any, may have contributed to
toxicity. As expected, strong statistical associations between measures of toxicity and complex
mixtures of PAHs, pesticides, phenols, other organic chemicals, and several trace metals were
observed. The strongest associations were those between cytochrome P450 HRGS induction and
the concentrations of PAHs in the sediments. These relationships were observed previously in
both northern and central Puget Sound.

As with the previous infaunal assemblage studies conducted in north and central Puget Sound
(Long, et al. 1999a, 2000), benthic infaunal assemblages in south Puget Sound had a wide
variety of characteristics in different locations and habitat types throughout the study area.
Infaunal assemblages examined typically displayed relatively high abundance, taxa richness,
evenness, and dominance values. Polychaetes were typically the most abundant taxa group (up
to 93% of the infaunal composition), followed by arthropods (up to 75%), mollusks (up to 70%),
echinoderms (up to 55%), and miscellaneous taxa (up to 33%). Two samples collected in the
Port of Olympia near a superfund cleanup site had no living organisms in them. In general,
many of the small embayments and inlets throughout the study area had infaunal assemblages
with relatively low total abundance, taxa richness, evenness, and dominance values. In some of
the small urban/industrial embayments however, cases were found where total abundance values
were very high, typically due to high abundance of one organism such as the polychaete
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Aphelochaeta sp. N1; the clam Axinopsida serricata; the amphipod Aoroides spinosus; or the
brittlestar Amphiodia urtica/periercta complex. The majority of the samples collected from
passages, outer embayments, and larger bodies of water tended to have infaunal assemblages
with high total abundance, taxa richness, evenness, and dominance values.

Statistical analyses of the toxicity data and benthic data revealed few consistent patterns. The
relationships between measures of benthic structure and chemical concentrations showed mixed
results. Both taxa richness and the dominance index were negatively correlated with the
concentrations of trace metals in the samples. Highly significant positive correlations indicated
that the abundance of the benthos and the numbers of species increased as the concentrations of
PAHs increased. In addition, the abundance of annelids and molluscs showed increasing
abundance with increasing PAH concentrations. Therefore, these data suggest that the benthic
assemblages were tolerant of the chemical concentrations in these samples and attracted to the
sampled areas by other ecological factors.

A weight-of-evidence approach was used to simultaneously examine all three “sediment triad”
parameters measured, defining each station based on the number of impaired parameters
measured at the station. Four categories of sediment quality were generated, including “High
Quality” (none of the sediment triad parameters impaired), “Intermediate/High Quality” (one
sediment triad parameter impaired), “Intermediate/Degraded Quality” (two sediment triad
parameters impaired), and “Degraded Quality” (all of the sediment triad parameters impaired).

There were 11 stations (representing 4.4 km?, 0.5% of the total study area) with sediment
toxicity, chemical contamination, and altered benthos (i.e., “degraded sediment quality”).
Typically, these stations were shallow, represented a small area, were primarily located in major
urban areas, and had relatively fine grain size and high TOC values. Infaunal assemblages
typically had higher total abundance (usually due to one or two abundant dominant organisms),
moderate taxa richness and evenness, lower dominance values, and were dominated by annelids
(sometimes in high abundance), followed by molluscs, arthropods, echinoderms, and
miscellaneous taxa. The polychaete species Aphelochaeta sp. N1 was the dominant taxon at ten
of the eleven stations.

In contrast, 36 stations (representing 493.5 km?, 57.5% of the total study area) displayed no
toxicity or chemical contamination, and abundant and diverse infaunal assemblages. These
stations typically included the larger, deeper inlets, basins, and passages of the more rural areas
of south Puget Sound and Hood Canal, as well as a few smaller embayments. They tended to
have coarser sediment with lower TOC content than those stations with degraded sediment
quality. Infaunal assemblages at these stations had lower total abundance, and higher evenness
and dominance values than those stations with degraded sediment quality.

Thirty-five stations (274.1 km?, 32.0% total study area) had one impaired sediment triad
parameter (i.e., intermediate/high quality sediments), and included stations with characteristics
similar to those with high quality sediments. The remaining 18 stations (85.7km?, 10.0% total
study area) displayed two impaired sediment parameters (i.e., intermediate/degraded quality
sediments), and included stations with characteristics similar to those with degraded sediments.
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Generally, upon comparison, the number of stations with degraded sediments based upon the
sediment quality triad of data was slightly greater in the central Puget Sound than in the northern
and southern Puget Sound study areas, with the percent of the total study area degraded in each
region decreasing from central to north to south (2.8, 1.3 and 0.5%, respectively). In
comparison, the Puget Sound sediments were considerably less degraded than those from other
NOAA sediment surveys conducted nationwide.

Data from these surveys of Puget Sound sediment quality can provide the basis for quantifying
changes in sediment quality, if any, in future years. A probabilistic random, stratified sampling
design and similar analytical methods could be used in the future to generate comparable data,
allowing the measurement of change in Puget Sound sediment quality that can be expressed in
terms of the percentage of area that is degraded.
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Introduction
Project Background

In 1996 the Washington Department of Ecology (Ecology) and the National Oceanic and
Atmospheric Administration (NOAA) entered into a three year Cooperative Agreement to
quantify the magnitude and extent of toxicity and chemical contamination of sediments in Puget
Sound. This agreement combined the sediment monitoring and assessment programs of the two
agencies into one large survey of Puget Sound.

Ecology’s Marine Sediment Monitoring Team has conducted the Sediment Monitoring
Component of the Puget Sound Ambient Monitoring Program (PSAMP) since 1989. This
program used the sediment quality triad approach of Long and Chapman (1985) to determine
relative sediment quality in Puget Sound. Preceding the joint surveys with NOAA, Ecology
established baseline data for toxicity and chemical contamination of Puget Sound sediments
(Llanso et al., 1998a) and characterized infaunal invertebrate assemblages (Llanso et al., 1998b)
at 76 selected monitoring stations throughout Puget Sound. A portion of this baseline work is
continuing at a subset of ten stations at the present time.

The National Status and Trends (NS&T) Program of NOAA has conducted bioeffects
assessment studies in more than 30 estuaries and marine embayments nationwide since 1990
(Long et al., 2000). Most of these studies followed a random-stratified sampling design and the
triad approach to estimate the spatial extent, magnitude, and spatial patterns in relative sediment
quality and to determine the relationships among measures of chemical contamination, toxicity,
and benthic infaunal structure within the study areas. Puget Sound was selected for such a study
for a number of reasons. First, historical data showed the presence of toxicants in sufficiently
high concentrations to cause adverse biological effects. Second, there was a lack of quantitative
data on the spatial extent of toxicity in the area. Third, there was a possibility of a collaboration
effort between NOAA and a state agency partner (Ecology) in performing the study.

The current joint project of Ecology and NOAA utilizes NOAA’s random-stratified sampling
design and the sediment quality triad approach for the collection and analyses of sediment and
infauna. The project was broken into three sampling periods. Sediments were sampled in
northern Puget Sound in 1997 (Long et al., 1999), central Puget Sound in 1998 (Long et al.,
2000), and southern Puget Sound in 1999 (this report).

Site Description

The overall study area encompassed the basins and channels from the U.S./Canada border to the
southern-most bays and inlets near Olympia and Shelton and included portions of Admiralty
Inlet and Hood Canal (Figure 1). This region located in northwestern Washington is composed
of a variety of interconnected shallow estuaries and bays, deep fjords, broad channels and river
mouths. It is bounded by three major mountain ranges; the Olympics to the west, the mountains
of Vancouver Island to the north, and the Cascade Range to the east. The northern end of Puget
Sound is open to the Strait of Juan de Fuca and the Strait of Georgia, connecting it to the Pacific
Ocean. The estuary extends for about 130 km from Admiralty Inlet at the northern end of the
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main basin to Olympia at the southern end and ranges in width from 10 to 40 km (Kennish,
1998).

The main basin of Puget Sound was glacially scoured with depths up to 300 m, has an area of
2600 km? and a volume of 169 km® (Kennish, 1998). Circulation in Puget Sound is driven by
complex forces of freshwater inputs, tides, and winds. Puget Sound is characterized as a two-
layered estuarine system with marine waters entering the Sound at the sill in Admiralty Inlet
from the Strait of Juan de Fuca at depths of 100 to 200 m and freshwater entering from a number
of large streams and rivers. Major rivers entering Puget Sound include the Skagit, Snohomish,
Cedar, Duwamish, Puyallup, Stillaguamish, and Nisqually (Figure 1). The Skagit,
Stillaguamish, and Snohomish rivers account for more than 75% of the freshwater input into the
Sound (Kennish, 1998). The mean residence time for water in the central basin is approximately
120-140 days, but is much longer in the isolated inlets and restricted deep basins in southern
Puget Sound.

The bottom sediments of Puget Sound are composed primarily of compact, glacially-formed,
clay layers and relict glacial tills (Crandell et al., 1965). Major sources of recent sediments are
derived from shoreline erosion and riverine discharges.

Puget Sound is a highly complex, biologically important ecosystem that supports major
populations of benthic invertebrates, estuarine plants and kelp, resident and migratory fish,
marine birds, and marine mammals. All of these resources depend upon uncontaminated habitats
to sustain their population levels. The Sound is bordered by both undeveloped lands and highly
urbanized and industrialized areas. Major urban centers include the cities of Seattle, Tacoma,
Olympia, Everett, Bremerton, and Bellingham.

The portion of the Puget Sound study conducted in 1999 focused upon the southern region of the
study area, i.e., from the southern boundary of the 1998 study area (i.e., Maury Island/Des
Moines) to the southern end of Puget Sound, including Hood Canal (Figure 1). The 1999 study
area, therefore, included portions of the main basin of Puget Sound, Commencement Bay, Case
Inlet, Carr Inlet, Budd Inlet, Henderson Inlet, Eld Inlet, Oakland Harbor, and Pickering Passage.

Toxicant-Related Research in Puget Sound

Puget Sound waters support an extremely diverse spectrum of economically important biological
resources. In addition to extensive stocks of salmon, a variety of other species (e.g. cod,
rockfish, clams, oysters and crabs) support major commercial and recreational fisheries. Studies
have shown that high concentrations of toxic chemicals in sediments are adversely affecting the
biota of the sound via detritus-based food webs. Studies of histopathological, toxicological, and
ecological impacts of contaminants have focused primarily on biota collected in areas potentially
influenced by port activities and municipal or industrial discharges (Ginn and Barrick, 1992).
Therefore, the majority of studies of toxicant effects have focused on Elliott and Commencement
bays.

Within the 1999 survey area, most of the previous research was done in Commencement Bay.
Research was conducted on the presence, concentrations, and biological significance of
toxicants. Much of this research was conducted to quantify chemical concentrations in
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sediments, animal tissues, water, marine mammals, marine birds, and sea surface microlayers.
Some studies also were conducted to determine the history of chemical contamination using
analyses of age-dated sediment cores. The objectives of these studies often included analyses of
the biological significance of the chemical mixtures. Biological studies have been conducted to
determine the frequency of lesions and other disorders in demersal fishes; the toxicity of
sediments; the toxicity of water and sea surface microlayers; reproductive dysfunction in fishes,
birds, and mammals; and the degree of effects upon resident benthic populations.

Studies performed by NOAA through the MESA (Marine Ecosystems Analysis) Puget Sound
Project determined the concentrations of toxic substances and toxicity in sediments with a
battery of acute and chronic tests performed on samples collected throughout most of the Puget
Sound region. However, early in the MESA Project, attention was focused upon the recurring
problem of acute mortality among bivalve embryos in samples of water from South Puget Sound
(Cardwell et al., 1979). Experimental research demonstrated that toxicity was worst in several of
the inlets of the region and probably caused by a combination of factors that included high
concentrations of toxic dinoflagellates and ammonia.

The MESA sediment toxicity surveys were conducted in a sequence of four phases in the early
1980’s. In the first phase (Chapman et al., 1982), samples collected from 97 locations were
tested with several bioassays. Samples were collected mainly at selected locations within Elliott
Bay, Commencement Bay, and Sinclair Inlet. Tests were performed to determine survival of
oligochaetes, amphipods, and fish; respiration measurements of oligochaetes; and chromosomal
damage in cultured fish cells. The results of multiple tests indicated that some portions of Elliott
Bay near the Denny Way CSO and several of the industrialized waterways of Commencement
Bay were highly toxic and samples from Port Madison and Birch Bay were among the least
toxic.

In the second phase of the MESA Puget Sound sediment toxicity surveys, tests were performed
to identify diminished reproductive success among test animals exposed to sediments (Chapman
et al., 1983). These tests involved oyster embryo development, surf smelt development, and a
polychaete worm life cycle bioassay. Samples from the lower Duwamish River and the
Commencement Bay waterways were the most toxic. In the third phase, 22 samples were
collected in Everett Harbor, Bellingham Bay, and Samish Bay in northern Puget Sound and
tested with the same battery of tests used in the first phase of the studies (Chapman et al.,
1984a). Toxicity was less severe in these 22 samples than in comparable samples from Elliott
and Commencement bays. However, the sediments from Everett Harbor demonstrated greater
toxicity than those from Bellingham Bay and samples from Samish Bay were the least toxic.

In the fourth and final phase, sediment quality was determined with the introduction of the
sediment quality triad approach (Chapman et al., 1984b; Long and Chapman, 1985). Matching
chemical, toxicity, and benthic data were compiled to provide a weight of evidence to rank
sampling sites. Data from several locations in Elliott and Commencement bays and Sinclair Inlet
were compared with data from Case Inlet and Samish Bay. As observed in the previous phases,
the data clearly showed a pattern of low sediment quality in samples from the urbanized areas
relative to those from the more rural areas.
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Histopathology studies that included southern Puget Sound indicated that biological impacts
such as hepatic neoplasms, intracellular storage disorders, and lesions in fish were pollution-
related. They were found most frequently near industrial urban areas, including portions of
Elliott Bay, Sinclair Inlet, Eagle Harbor and the nearshore waterways of Commencement Bay
(Malins et. al., 1980, 1982, 1984; U.S. EPA, Region X, 1986). Fish with such disorders often
had the highest concentrations of organic chemicals and trace metals in their tissues.

Studies in which toxicity tests were performed confirmed histopathological findings that
pollution-induced biotic impacts were more likely to occur near industrial urban areas (Chapman
et. al., 1982; Malins, et. al., 1982; Malins et. al. 1988; Llanso et. al., 1998). Numerous analyses
of contaminant exposures and adverse effects in resident demersal fishes were conducted in most
of the urbanized bays and harbors (Malins et. al. 1980, 1982, 1984). Data from these studies
demonstrated that toxicant-induced, adverse effects were apparent in fish collected in urban
harbors of Puget Sound and the prevalence of these effects was highest in areas with highest
chemical concentrations in the sediments to which these fish were exposed. The incidence of
neoplastic lesions was highest among fish from Eagle Harbor. Similar kinds of analyses were
performed on resident marine birds and marine mammals, demonstrating that chemical levels in
these animals were elevated in regions of Elliott and Commencement bays relative to animals
from the Strait of Juan de Fuca and elsewhere (Calambokidis et. al., 1984).

A summary of available data from sediment toxicity tests performed in Puget Sound through
1984 (Long, 1984) indicated that sediments were most toxic in samples from the waterways of
Commencement Bay, Elliott Bay off the Denny Way CSO, inner Sinclair Inlet, lower Duwamish
Waterway, Quilcene Bay, Bellingham Bay, and inner Everett Harbor. Significant results were
reported in acute survival tests with amphipods, sublethal assays of respiration rate changes, tests
of mutagenic effects in fish cells, and oyster embryo development tests. Swartz et al. (1982)
demonstrated the remarkable differences in sediment toxicity in the Commencement Bay
waterways versus that of the open bay. Poor amphipod survival in their survey was coincidental
with low amphipod abundance in the benthic samples and elevated chemical concentrations.

Studies of invertebrate communities conducted in central Puget Sound have indicated significant
losses of benthic resources in some areas with high chemical concentrations (Malins, et. al.,
1982; Kisker, 1986; Chapman et. al., 1984; Becker et. al., 1987, Llanso et. al., 1998). The
longest term and most extensive sampling of infaunal invertebrate communities were conducted
by the Puget Sound Ambient Monitoring Program, established in 1989. The program sampled
20 sites in southern Puget Sound, 15 of which were sampled yearly from 1989-95 and 5 that
were sampled once in 1991 and once again in 1994.

The colonization rates and species diversity of epifaunal communities that attached to vertical
test surfaces was lowest at locations in the lower Duwamish River as compared to sites
elsewhere in Puget Sound (Schoener, 1983). In the same study, colonization rates were
intermediate at locations in Milwaukee, Blair, and Hylebos waterways near Commencement
Bay. The highest rates were observed in locations monitored at Manchester and outer Elliott
Bay.

Samples of sea surface microlayers from Elliott Bay were determined to be contaminated and
toxic in acute tests done with planktonic life stages of marine fish (Hardy and Word, 1986;
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~ Hardy et al., 1987a, 1987b). Historical trends in chemical contamination were reviewed and the
physical processes that influence the fate and transport of toxicants in regions of Puget Sound
were summarized in a variety of reports (Dexter et. al., 1981; Barrick, 1982; Konasewich et al.,
1982; Long 1982; Crecelius et al., 1985).

Following the work by NOAA, additional studies of chemical contamination were supported by
the Puget Sound National Estuary Program (PSEP). The PSEP studies further identified spatial
patterns in sediment contamination, toxicity, and benthic effects in selected urban embayments
and reference areas throughout Puget Sound. In an exhaustive assessment of sediment quality in
the nearshore waterways of Commencement Bay, data were collected on contamination and
toxicity of sediments, the abundance and diversity of infaunal macroinvertebrates, and the
prevalence of histopathological disorders in demersal fishes (Tetra Tech, 1985). This study
further verified the findings of the NOAA studies, namely, that the industrialized waterways
were highly contaminated relative to the more rural Carr Inlet of South Puget Sound. It also
demonstrated the significant differences in chemical mixtures that occurred among the different
waterways as a function of the types of nearby sources.

In 1988, the PSEP funded a study of four embayments (Dyes Inlet, Gig Harbor, Port Angeles
Harbor, and Oak Harbor/Shelton) to determine the degree of contamination and biological
effects in sediments and fish (Crecelius et al., 1989). The data indicated that chemical
concentrations were lower in these four bays than in Elliott and Commencement bays. Also,
none of the sediment samples was toxic in amphipod bioassays.

The PSEP also formulated tentative plans for cleaning up some of the more contaminated sites.
Although extensive deep portions of Puget Sound and most rural bays are relatively
contaminant-free, parts of the bays bordering urban, industrialized centers contained high
concentrations of toxic chemicals (Long and Chapman, 1985; Llanso et. al., 1998a). Other
programs and studies, including the Puget Sound Dredged Disposal Analysis Program (PTI,
1989) and the Puget Sound Ambient Monitoring Program (Llansoé et al., 1998a,b), characterized
baseline sediment quality conditions and trends throughout Puget Sound.

In addition to these large-scale studies, federal, state and local government, as well as private
industry, has conducted a vast number of smaller, localized studies on Puget Sound sediments,
primarily for regulatory purposes. These studies have focused on the level of chemical
concentrations in sediments, the incidence of abnormalities and diseases in fish and benthic
invertebrates, the level and degree of sediment toxicity to various bioassay organisms, the
relationship between sediment contamination and the composition of benthic invertebrate
communities, and to a lesser extent, the associations between sediment contamination, toxicity,
and resident marine bird and mammal populations.

Information gathered from the surveys of toxicity in sediment, water, and microlayer and the
studies of adverse effects in resident benthos, fish, birds and mammals confirmed that conditions
were most degraded in urbanized embayments of Puget Sound, including Elliott and
Commencement bays (Long, 1987). All of the data from the historical research, collectively,
served to identify those regions of Puget Sound in which the problems of chemical
contamination were the worst and in which management actions of some kind were most needed
(NOAA, 1987). However, although these previous studies provided information on the degree
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and spatial patterns in chemical contamination and effects, none attempted to quantify the spatial
extent of either contamination or measures of adverse effects. None of the previous studies
generated reliable estimates of the spatial scales of chemical contamination or adverse effects.

The Sediment Quality Information System (SEDQUAL) Database

Ecology's Sediment Management Unit has compiled a database that includes sediment data from
over 430 Puget Sound sediment surveys of varying size and scope. The Sediment Quality
Information System (SEDQUAL) database includes approximately 688,000 chemical, 140,000
benthic infauna, and 35,000 bioassay analysis records from over 12,000 sample collection
stations throughout Puget Sound. For the southern Puget Sound study area defined in this report,
the SEDQUAL database currently contains sediment data from 3141 samples (218 surveys,
Appendix A) collected from 1950-2000. Using the analytical tools available in SEDQUAL,
these data can be compared to chemical contaminant guidelines from NOAA and criteria set
forth in the Washington State Sediment Managemerit Standards (SMS), Chapter 173-204 WAC.,
the Sediment Quality Standards (SQS) and Puget Sound Marine Sediment Cleanup Screening
Levels (CSL). Ofthe 3141 SEDQUAL samples from southern Puget Sound, 772 have chemical
contaminant levels that exceeded at least one SQS or CSL value. The majority of these stations
are located near population centers, urban and industrial areas, and ports, including
Commencement Bay, Hylebos Waterway, Blair Waterway, Middle Waterway, Thea Foss
Waterway, and Port of Olympia (Figure 2). A summary of the chemicals found in these southern
Puget Sound SEDQUAL samples which exceeded SMS values, including their sample location
and total number of samples, is given in Appendix B. In southern Puget Sound, all 47 chemicals
with SMS values were exceeded on at least one occasion.

Goals and Objectives

The shared goal of this study for both the PSAMP Sediment Monitoring Component and
NOAA'’s nationwide bioeffects assessment program was to characterize the ecotoxicological
condition of sediments, as well as benthic infaunal assemblage structure, as a measure of adverse
biological effects of toxic chemicals in southern Puget Sound. Based upon chemical analyses of
sediments reported in previous studies, it appeared that there were relatively high probabilities
that concentrations were sufficiently high in some regions of the study area to cause acute
toxicity and infaunal assemblage alterations. Data from toxicity tests were intended to provide a
means of determining whether toxic conditions, associated with high concentrations of chemical
pollutants, actually occurred throughout any of the area. Examination of infaunal assemblages
was intended to determine whether sediment chemistry and toxicity conditions are correlated
with patterns in infaunal community structure. Underlying these goals was the intent to use a
stratified-random sampling design that would allow the quantification of the spatial extent of
degraded sediment quality.

Based on the nature of sediment contamination issues in Puget Sound, and the respective
mandates of NOAA and the state of Washington to address sediment contamination and
associated effects in coastal waters, the objectives of the cooperative assessment of bioeffects in
Puget Sound were to:

1. Determine the incidence and severity of sediment toxicity in selected laboratory tests;
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2. Identify spatial patterns and gradients in sediment toxicity and chemical concentrations;

3. Estimate the spatial extent of toxicity and chemical contamination in surficial sediments as
percentages of the total survey area;

4. Describe the composition, abundance and diversity of benthic infaunal assemblages at each
sampling location;

5. Estimate the apparent relationships between measures of sediment toxicity, toxicant
concentrations, and benthic infaunal assemblage indices; and

6. Compare the quality of sediment from northern, central, and southern Puget Sound measured
in the three phases of this study.

This report includes a summary of the data collected in 1999 and correlation analyses to examine
toxicity, chemistry, and infaunal relationships. Results of further analyses relating toxicity,
chemistry, and infaunal structure throughout the entire survey area will be reported in a
subsequent document.
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Methods

Standardized methods described in the Puget Sound Estuary Program protocols (PSEP, 1996a),
previously used in the 1997 and 1998 surveys of northern and central Puget Sound (Long et al.,
1999a, 2000), and previously followed in surveys of sediment quality conducted elsewhere in the
U.S. by NOAA (Long et al., 1996) were followed in this survey. Any deviations from these
protocols are described below.

Sampling Design

By mutual agreement between Ecology and NOAA, the study area was established as the area
extending from the southern boundary of the 1998 study area (i.e., Maury Island/Des Moines) to
the southern end of Puget Sound, including Hood Canal. The 1999 study area, therefore,
included portions of the main basin of Puget Sound, Colvos Passage, Commencement Bay, Case
Inlet, Carr Inlet, Budd Inlet, Henderson Inlet, Eld Inlet, Oakland Harbor, and Pickering Pass
(Figure 3a-3e). All samples were collected in depths of 6 ft. or more (mean lower low water),
the operating limit of the sampling vessel.

A stratified-random sampling design similar to those used in previous surveys conducted
nationwide by NOAA (Long et al., 1996) and in the first two years of this study in northern and
central Puget Sound (Long et al., 1999; 2000), was applied in southern Puget Sound. This basic
approach, first developed by US EPA as part of the Environmental Monitoring Assessment
Program (Paul, et al., 1992; Schimmel et al., 1994), combines the strengths of a stratified design
with the random-probabilistic selection of sampling locations within the boundaries of each
stratum. Data generated from multiple samples collected within each stratum can be attributed to
the area (i.e., spatial area as acres, km? or percent of area) of the stratum. Therefore, these data
allow us to estimate the spatial extent of degraded conditions with a quantifiable degree of
confidence (Heimbuch, et al., 1995; Paul, et al., 1992). Strata boundaries were established to
coincide with the dimensions of major basins, bays, inlets, waterways, etc. in which
hydrographic, bathymetric and sedimentological conditions were expected to be relatively
homogeneous (Figure 3a). Data from Ecology's SEDQUAL database were reviewed to assist in
establishing strata boundaries.

The study area was subdivided into 33 irregular-shaped strata (Figure 3a-e). Large strata were
established in the open waters of the area where toxicant concentrations were expected to be
uniformly low (e.g., Case Inlet, Carr Inlet, Central Puget Sound basin, Colvos Passage, and
Hood Canal). This approach provided the least intense sampling effort in areas known or
suspected to be relatively homogeneous in sediment type and water depth, and relatively distant
from contaminant sources. In contrast, relatively small strata were established in urban and
industrial harbors nearer suspected sources in which conditions were expected to be
heterogeneous or transitional (e.g., Commencement Bay, Port of Olympia, and Port of Shelton).
As a result, sampling effort was spatially more intense in the small strata than in the large strata.
The large strata were roughly equivalent in size to each other as were the small strata to one
another (Table 1). Areas with known topographic features that could not be sampled with our
methods (i.e., vanVeen grab sampler) were excluded from the strata design (e.g., Dana Passage,
which was known to have rocky substrate).
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Within the boundaries of each stratum, all possible latitude/longitude intersections had equal
probabilities of being selected as a sampling location. The locations of individual sampling
stations within each stratum were chosen randomly using GINPRO software developed by
NOAA applied to digitized navigation charts. In most cases three samples were collected within
each stratum; however, four stations were sampled in several strata expected to be heterogeneous
in sediment quality. Four alternate locations were provided for each station in a numbered
sequence. The coordinates for each alternate were provided in tables and were plotted on the
appropriate navigation chart. In a few cases, the coordinates provided were inaccessible or only
rocks and cobble were present at the location. In these cases, the first set of station coordinates
was rejected and the vessel was 